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D ' Two mathematical models based on Pauli transformations includ- 

■ ing U(l) chiral group and Pauli SU(2) group, that mixes particle and 
^ , antiparticle states, are developed for description of Majorana proper- 

ties of neutral particles. The first one describes a system, incorpo- 
' rating left- and right-handed fermions of the same flavor, and it is a 

generalization of the Majorana model of his pioneer article of 1937 
year. The second describes a two-flavor neutrino system with quan- 
^ ' tum numbers of Zel'dovich - Konopinsky - Mahmoud (ZKM) type. 

'— For massless fermions the Pauli symmetry is exact and leads to the 
I conserved generalized lepton charge. It is a Pauli isospace vector, 

^> ' whose different directions are coordinated with Dirac or generalized 

■ Majorana properties. In nonzero - mass case the models describe the 
QQ , combined Dirac - Majorana properties of neutral particles, which are 

I characterized either by the generalized lepton charges of ZKM - type 

0^ ' or by the eigenvalues of the operator that is the product of the charge 

. operator and chirality. The latter is connected with operator of the 

I structure of Lagrangian mass term or with the generalized flavor num- 

• ber of the second model. The choice of the basic operator depends on 

the inversion classes (A-B or C-D - types) of the particles with respect 
to the space inversion. The modified second model can be used for 



X 



' description of neutrino oscillation in the simplest two - flavor case. 

Investigation of Majorana properties of neutral particles pLj with neutrino 
as the most principal of them all is the chief goal of modern weak processes 
physics. An examination of the properties was essentially stimulated by the 
recent discovery of oscillations in atmospheric, solar and reactor neutrino 
fluxes |2] - Majorana models for neutrino description were developed in 
literature in two basic versions: either in schemes proceeded from Majorana 
and Pontecorvo [H Ej (in simplest case including one particle with left-handed 
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and right-handed states) or in phenomenological models with two and more 
left-handed neutrinos of different species (flavors) [HIE] (see also e.g. [S] - [13]) 
which are used today for analysis of the neutrino oscillations . However the 
absence of quantum characteristics suitable for the description of Majorana 
- type states is an essential disadvantage of the models. 

Meanwhile a new approach to construction of Majorana schemes where 
the problem is partly solved is possible as it was demonstrated by the author 
in [13] - [T7|. It is based on application of general Pauli (chiral - Pauli) trans- 
formations group [i8\ (which was Pauli - Pursey group in the terms of 1950's 
years [T9| - [2T|). The use of the group allows to construct some examples 
of phenomenological models in which quantum numbers for description of 
Majorana states can be introduced. Below two simplest models of such type 
which are in line with above indicated versions will be presented: the model 
for one neutral particle with left-handed and right-handed states of the same 
flavor and a two-flavor neutrino model that includes states of different fla- 
vors, for example, electron and muon neutrino. The latter will be used then 
for description of neutrino oscillations. 

The plan of the article is as follows: in §1 the Pauli group terms are 
introduced, in §2 and §3 the above indicated models are presented and §4 
is consequently dedicated an apphcation of the modified two-flavor model 
to describe the neutrino oscillations. Finally, in §5 we shall discuss pecu- 
liarities of Pauli models which make them different from Majorana neutrino 
phenomenological schemes presented in the literature. 

§1. Introduction 

As it was demonstrated for the first time by Pauli [18] the fermion fields 
of zero mass are symmetric relatively to the following transformations: 



tP'(x) = e^^5x/2(aV'(a;) + 6757274V'^(a;)) = e'"'^^/'^{a^{x) + b-f^tp^ix)), 
|a|2 + |6|2 = i, ^c^^^^c^T^^^^^^^^^^-^T^^^^ ^^^^^ ^22]). 



These transformations involve pure Pauli SU(2) - group (type I of Pauli 
|18j ) and chiral U(l) - transformations (type II) and conserve commutation 
relations of the fields. The former one for a = e'^/^, 6 = can be reduced 
to the phase transformation subgroup on whose base the conserved lepton 
charge can be put into the scheme. With introduction of ki [i = x, y, z) 
operators and the generalized two-component function \I'(x) one receives: 
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It is readily shown that for a = e^'-^^^ cos 6/2, b = 6**^/^6 ^'^sm6/2 transfor- 
mation ([T]) can be reduced to the standard form: 

K = cos^Kz + sin6'cos(/)K2; + sin^sin^Ky, S~^{(f), 9)kzS{(f), 9) = k, 

which can be interpreted in terms of rotations in chiral and Pauh subspaces. 
The latter includes S{ip) = e*"^*^/^ rotations about and S{(j), 6) = S 

transformation of k.^ vector to the direction of k, defined by the standard 
Euler angles 0, 6. Some other representations of the generalized function are 
also possible. In this case the ([3]) form of Pauli transformations should be 
consequently modified. 

The analysis of the conservation condition of Pauli transformations under 
CPT - operation [221 E3] shows (see details in [TB]) that CPT - invariance 
leads to the following relation between phases ?7p, r]T of discrete P- and T- 
transformations, introduced in coordination with the standard definition (see 
|i22j). and h parameter of Pauli transformations: 

6(1 + rfpl-ql) = 0, or ifp/ril = -1 for b ^ 0. (4) 

The latter relation is in accordance with the well known condition rjp = —1, 
r]^ = +1 adopted usually for physical particles ^2]. Fermions of rjp = ±i 
will be called particles of inversion of A - and B - classes [23]. However for 
Majorana particles one can not a priori exclude the other possible choice 
rjp = ±1, that Racah, for the first time, called attention to (see [23] and also 
[261127] ). We shall describe such fermions as particles of inversion of C - and D 
- classes!^ and treat them hypothetical particles for which r]p = +1, r]^ = —1. 

The inversion classes of neutral particles are connected with their Majo- 
rana properties. Indeed, let us consider the reasonably general conditions of 
Majorana type in the following forms: 

V'^(x,C) = Ae^V(a:,C) (A), V^^(x, C) = Ae^^5V^(x, C) (B), 
(A — arbitrary real number, ( — quantum numbers of states), 

It is easily shown that the former {A) condition is fullfilled for particles of 
inversion A-B - classes only while the latter ([5]) (B) is fullfilled for C-D - ones. 

^There is no prescribed designation of inversion classes of the particles in literature, here 
we are based on definitions of monograph 24J , which are however opposite to designations 

of ESI 
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Note that the hmitation of (A) condition is used in modern Majorana 
models [TU] - [13]. It means that belonging of the particles to inversion A-B 
- classes is implicitly included in such models. However we shall not put 
this limitation into operation in this work and let the both capabilities be 
realized. In doing so the general Majorana conditions ([5]) {B) should be used 
for particles of C-D - classes. 

§2. Majorana properties of a neutral free fermion 
The fundamental existence of Majorana properties of a neutral fermion 
was firstly demonstrated by E. Majorana. Basing on Dirac equation he show- 
ed that it has a special solution that meets condition ■iIj'^\x) = ipi^x) [I]. 
From the modern viewpoint he constructed a particular solution that is a 
superposition of particle and antiparticle states for the simplest case of one 
particle. We shall reveal below that basing on Pauli transformations one can 
generalize this result and construct a Majorana model for particles of one 
type that contains solutions obeying similar but more general conditions ([5]) 
(y4), {B). Simultaneously a generalized concept of lepton charge will appear 
in the model. We shall initially develop the model for massless particles 
and then for the case of massive ones (this model was firstly proposed and 
investigated by the author in ^14j - [16]). 

Let us examine a fermion field of zero mass which is symmetric under 
Pauli transormations ([Tj). The Lagrangian of the field presented in general- 
ized functions ([2]) is as follows: 

Lo(x) = -i[^(x)7A^(x)], vl/(a;) = (^/;4^), 

(here, wave functions are of secondary quantization). Note that the chosen 
form of generalized functions is universal and it is invariant with respect to 
Pauli transormations ([T]). The invariance of the Lagrangian under chiral S{x) 
and phase S{ip) transitions leads to the conserved chiral and lepton charges: 

qch ^ d^x[^+{x)-i^^{x)] 
= i / o?3x[^+(x)75V'(x) + V^^+(x)75V^^(x)], , . 

Q"- = Q'', =-Jd''x[^+{x)k,^{x)]= 
\ J cPx[^jJ~^{x)^jJ{x) - ^p^+{x)^p'^{x)]. 

They stipulate some characteristics of basic eigenfunctions \E'o(a;), those are 
chirality p = ±1 (L, R) and lepton charge = ±1: 

75(^o)p,q.(a;) = p{'^o)p,q,{x), K^(^o)p,g.(a;) = g^(^o)p,g,(a;), 
(^o)..^.i(x) = (^^^0' (^o)p...-i(a:) = {^J ) = U^^;). (8) 
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As it follows from ([7]) in the space of Pauli transformations the lepton charge 
operator is connected with a vector oriented along z - axis in a way that 
particle solution = +1 and antiparticle one Qz = —1 are matched with 
two possible projections of the vector to z - axis. The conservation of the 
lepton charge is evident from invariance of the Lagrangian under rotations 
about the vector. In Pauli scheme this vector describes the lepton charge. 
Note that in the case of massless particle there are no physical reasons for 
separation of z-axis in comparison with other directions. 

Such a peculiarity of Pauli scheme lets one to introduce a concept of 
generalized lepton charge coordinated with an arbitrarily chosen direction 
of Pauli isospace. In this case its z - component conserves the connection 
with lepton charge Qf and x - , y - components occur to coordinate with 
Majorana properties of the particle. The generalized lepton charge can be 
obtained from Qf by using Pauli transormation 5^(0, 9) of '^o{x) wave 
function and kz operator. It takes the form: 

qp = = cos^Qf + sin0(cos0Qf + sin0Q^) = 

sin^(V^+(x)e~*'^75^^(x) +V^^+(x)e+^'^75V^(a;))], ^ ' 

K = cos6'k2 + sin6'(cos0KK + sin0Ky), \E'(x) = S'+(0, 6')\E'o(x), 

and is coordinated with n direction defined in Pauli isospace by standard 
Euler angles (0, 9). The eigenf unctions of the generalized lepton charge op- 
erator with p, g = ±1 quantum numbers are constructed from the generalized 
functions '^q{x) ([H]) by using the same transformations: 



They describe consequently two independent solutions of different signs q = 
±1. With fixed values of the generalized lepton charge q there are follow- 




(10) 
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They are projection conditions which set up the definite eigenvalues q and 
corresponding eigenfunctions of the generahzed lepton charge. These condi- 
tions have a form of modified Majorana relations of ([5]) {B) - type and are 
fulfilled only in a case when a particle under investigation belongs to inver- 
sion C-D - classes. It is seen that the choice of generalized lepton charge 
operator as the basic one is coordinated with definite inversion classes of the 
particle. 

For description of particles of A-B - inversion classes it is necessary to 
choose the product of chirality and generalized lepton charge operator as 
basic operator. In doing so it is useful to represent the generalized wave 
function in a new universal form, that is also invariant under arbitrary chiral 
- Pauli transformations. In the case the general form of these changes of 
transformations ([3]) is following: 

^' (^x) = g«75X/2g««:z75¥'/2gi?7(cos(;iKj,-sin0K2,75)e/2^^^^ _ (12) 

S{x)S'{^)S\4>,0Mx). 

In the new representation, the Pauli isospace is modified. Now it is based on 
f^xl^, i^y, i^zlb basic vectors coordinated with x, y, z - axes that corresponds 
to the form of Pauli rotations and lepton charge operators. In the basic case 
correspondent with ([H]) the lepton charge operator takes ^275 form and its 
product with the chirality operator is described by kz form. In this represen- 
tation the eigenfunctions of = pQz quantum numbers and rj = ibl charge 
parity have the following form: 

($o)..=+i,.(x) = [^oU^)+^^^Sni^A, {^,j,{x) = 0); (13) 

($0)..=-l,r,(x) = (^„^(,)+^^C (,.)), {^Ol{x) = 0). 

The lepton charge in ^o{x) state is defined by the relation: 

= Qf = Jd^x<l>Ux)k.ln%{x). (14) 

The functions (|T3l) describe two Majorana solutions of rj charge parity con- 
structed either of the left particles and their right antiparticles (k^ = +1) or 
of the right particles and their left antiparticles (k^ = —1). Inserting them 
in (HM one can readily make sure that the mean value of the lepton charge 
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is equal to zero in these states. It is evident that operator coordinates 
with z - axis of the modified Pauh space and two Majorana solutions fll3l) 
coordinate with two projections onto z - axis of a vector, created as a product 
of chirality and the lepton charge vector. In the general case, that can be 
derived from f|T3l) by using Pauli rotation S'~^{(j),9), the eigenfunctions of k, 
operator, which correspond to the product of chirality and the generalized 
lepton charge, are as follows: 

The generalized lepton charge is consequently as follows: 

QP{k) = J c/3a;$+^(x)«75$.,^(x), 

fi;75 = cos Okz'y^ + rj sin 6' (cos (j)kx'y5 + sin (j)ky) . 

These expressions describe a pair of Majorana solutions k = ±1 in terms 
of the previous system of eigenfunctions. Obviously that for the states with 
fixed K quantum number the mean value of the generalized charge tends to 
zero in the general case as well. For fixed k values the following connections 
arise between separate chiral components ^ipp^K^x) and V'^k(^) entering into 
the universal form of the generalized function (IT^ : 



ij^Jx) = Kitanil)y^e^^ijp,^{x) (p = ±1 (L, R)), 



(17) 



They have the form of generalized Majorana conditions of {A) type. They 
are projection conditions which set off the definite eigenvalues of k operator 
as it was in case (fTTj) . however, here they are consistent with the case when 
particles under investigation are of inversion A-B - classes. Thus, it occurs 
that in general case of Pauli scheme the choice of basic operators using for 
description of eigenfunctions of the states occurs to be directly correlated 
with inversion classes of the particles. In case of their being of inversion 
C-D - classes the generalized lepton charge operator should be chosen as 
a basic one. And if they are of inversion A-B - classes its product with 
chirality operator should be chosen. The projection conditions to set off 
fixed eigenfunctions of the basic operator, have the form of general ones of 
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either (B) or (A) types. While the considerations have been made on the 
base of investigation of massless case the approach will also hold for particles 
of nonzero mass with some exception as we shall show below. 

Let us turn now to the description of massive particles and state the 
general concept for this case. In accordance with views of Standard Model 
the masses of particles are determined by mean vacuum value of Higg's field 
that has its origin in spontaneous breakdown of a basic symmetry proposed 
for them with their masses being zero. The introduction of the mass terms 
in Lagrangian ([6]) that is symmetric under Pauli transformations ([1]) is con- 
nected with the breakdown of the symmetry. It is possible to suppose that 
in the model under investigation the Pauli symmetry plays a role of the basic 
symmetry. Basing on example of a particular Dirac case one can see that the 
breakdown leads to production of separated directions in chiral and Pauli 
subspaces. If the mechanism of the broken symmetry is universal, the Higg's 
vacuum values, because of different subspace directions, are connected after 
breakdown by the same transformations as the directions themselves. Bas- 
ing on Dirac case with a well known mechanism of mass generation, one can 
construct in the same manner the Lagrangian mass terms of the general form 
including both Dirac and Majorana terms for the model under investigation. 
As a result the Pauli scheme for massive free particles, which in basic features 
is in coincidence with standard phenomenological scheme of the modern Ma- 
jorana models [S] - [13], arises and it occurs to be a particular case of the 
models. However, it has some important peculiarities due to Pauli transfor- 
mations which it is based on. The scheme is presented just below (for more 
details see |T5] - [T6]). 

Let us begin from the Dirac case with describing it in representation f|T2l) 
of generalized wave functions. In the representation the Lagrangian of Dirac 
type, Dirac equation and corresponding lepton charge have the following 

forms: _ 

L{x) = Lo{x) - f<^D{x)k^<^D{x), 

= QP = \j rf3x<l>+(x)/t,75$D(a:), (ig) 

M + Mk.)^n{x) = 0, $.(.) = (:-;:5:;:|s:j). 

As one can see from these expressions the invariance of Dirac Lagrangian 
under chiral and pure Pauli groups of general Pauli transformations is bro- 
ken. The source of the breakdown is in the mass term of Lagrangian. How- 
ever, it does not break the invariance under the phase subgroup of Pauli 
rotations about z-axis that is connected with the conserved lepton charge 
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= . The expression of the lepton charge through generahzed Dirac 
functions is similar to (1141) for massless fermions. Consequently it does 

not depend on mechanism of the breakdown introduced by mass terms. In 
the chosen representation the operator of lepton charge is coordinated with 
z - axis of the Pauli isospace while the operator of structure of the mass 
term is coordinated with x - axis. Thus in representation f[T^ for generalized 
wave functions in the Dirac case the spontaneous breakdown introduced by 
the mass term, leads to the production of two different isolated directions: 
z - axis of Pauli rotations responsible for the existence of conserved lepton 
charge and x - direction, whose operator determining the structure of the 
mass term is connected with. 

It is easy to verify that the mass term of the Dirac Lagrangian is not 
sensitive to the inversion class of a particle. For this reason the alternative 
choice for the basic operator of representation of eigenf unctions is possible 
in the Dirac case: itis either the lepton charge operator or its product with 
chirality. The latter one occurs to be connected with the operator of the 
structure of the Lagrangian mass term. 

The representation flTSl) is in compliance with the choice of lepton charge 
operator. The eigenfunctions of Qz = ±1 charge take the following forms in 
this case: 

= (j-g), $.,.._,(x) = (fj^;:;), (19) 

Such a representation of solutions is equivalent to a normal description of a 
particle as "Dirac" like ("Dirac neutrino"), when the particle and antiparticle 
states differ by the lepton charge values. An alternative representation can 
be deduced from ( TTSil by Pauli rotation S""'"(0 = 0,^ = —r]7i/2) of wave 
function $£)(x). Then the Dirac Lagrangian, the Dirac equation and the 
lepton charge are transformed to the form: 

L{x) = Lo{x) - f^MD{x)kz'^MD{x), (tA + Mk^)$md(x) = 0, 

qp = -^j d^x<^t^j^{x)k^-f5<!>MD{x), (20) 

The basic operator kz defining the structure of the mass term in the repre- 
sentation is in compliance with product (^275) (which is the basic operator 
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of the charge representation (fTS]) ). and (75) chirahty. It is coordinated with 
z -axis and its eigenfunctions, specified byK2 = ±l, t] = ±1 eigenvalues, are 
as follows: 

ii'DLiR)ix) = V^DL(R){x)); (21) 
($MD)-l,r,(a;) = i(_^5(^^(:r)_^^g(^))) = (v.i,H(x)+r,Vgi(a;)) = Cmmw)' 
(V^DL(i?)(^) = -Vi'DL{R)ix)y, 

and can be interpreted in terms of two independent Majorana particles 
4'MDi{x),ipMD2{x). They generate a complete set of solutions similar to 
a particle - antiparticle pair, so that every solution can be represented as 
a superposition of two latter ones and vice - versa. (Note that fl2Tl) fits 
the secondary quantized form and the normalization of the eigenfunctions, 
as compared with ( l20l) . changes when some additional Majorana conditions 
are taken into account.) The eigenvalue Kz = +1 describes the Majorana 
solution of the t] charge parity, being set off i'jyix) = rjipoix) projection con- 
dition, and = —1 one describes the solution of the same charge parity, 
resulting from the condition ip'j^{x) = —t]iPd{x). The mean value of the lep- 
ton charge for each of them is equal to zero. These solutions are known as 
"Majorana solutions" ("Majorana neutrino"). The first of them (for 77 = +1) 
was suggested for the first time by Majorana in [T]. 

Therefore, there are two alternative solutions in the Dirac case due to a 
different choice of the isolated directions in the Pauli isospace with a sponta- 
neous symmetry breakdown being responsible for the appearence of the mass 
terms. In the charge (" Dirac" ) representation the lepton charge is connected 
with a vector, directed along the z - axis, and the mass term alignes with a 
vector along the x - axis. In "Majorana" (mass) representation the situation 
is contrary. Here, the z - axis is aligned with the vector connected with the 
operator of structure of the Lagrangian mass term and the lepton charge is 
aligned with the x - axis. The Pauli transformation connects them by the 
rotation about the y - axis to the | angle. Owing to the independence of the 
Dirac Lagrangian from inversion classes, both alternative representations can 
be used for a description of physical particles of the inversion A-B - classes 
as well as hypothetical particles of C-D - classes. 

In contrast with the Dirac case the choice of the basic operator of rep- 
resentation in the general case of the Pauli scheme is essentially connected 
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with inversion classes of the particle under investigation. In conventional 
designations the most general form of the Lagrangian for the Pauli model 
and its generalized charge are as follows: 

L{x) = Lo{x) - f {cose {e+'^^ji{x)iljL{x) + e^'^^^'^ {x)^'i^ {x) + 
e~'^iljj^{x)iljR{x) + e'^^ipji + sin 6'(V'^(x)V'f + 

QP = y d^x[cose{ijt{x)^L{x) - ^'[^+{x)ilj2^{x) + ^/j+{x)ijR{x)- (22) 
^R^^{x)^R^{x)) + sme{iljt{x)e-'''iJ^^{x) + ^/'f^+(x)e+^^VL(a;)- 
ilj+ix)e'^^lji^ix) - ^P'i^+ix)e-'^Mx))], 
{Mx)f^ = ^B^i^) = e-'^^+^H%{x), 

Here, the latter expressions define the designations due to a new discrete 
operation of the generalized charge conjugation (GC - conjugation). In fact, 
it is easy to verify that the Lagrangian (l22l) is invariant under the following 
transformation: 



^l{x) ^ i)%^{x), i)R{x) ^ ^/'f^(x), (23) 

which changes the sign of the generalized charge . There are two phase 
factors in the definition of GC - conjugation operation: the universal one 
depending on (f) angle, whose introduction is equivalent to entering the eneral 
phase factor rjc = e"**^ into the definition of the standard charge conjugation 
operation (Q, and an extra one which depends on chiral characteristics of 
a particle and is a peculiarity of the Pauli scheme. The latter takes into 
account a fact that the phase factors rjc for left- and right - handed particles 
can pricipally be different. By comparing the general Pauli Lagrangian (1221) 
with the existing Majorana models [10] - [12], [29] it is easy to verify that 
the case in question is connected with the breakdown of CP - conservation. 

Note a peculiarity of mass terms of the general Lagrangian and the gen- 
eralized charge fl2^ that is typical of the model under investigation. Their 
Dirac parts (proportinal to cos 6) are scalar under the space reflection inde- 
pendently of inversion classes of particles. However the similar properties of 
their Majorana terms (proportinal to sin 6) are essentially dependent on the 
inversion classes. For C-D - classes of particles the Majorana terms are scalar, 
but for A-B - classes some of them are scalar and the others are pseudoscalar. 
Consequently the choice of a basic operator of the representation using for 
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particles eigenfunctions description turns to be dependent in general on their 
inversion classes. 

In move from the Dirac case f|T8l) to the general form of the charge rep- 
resentation using the generalized lepton charge as a basic operator, the La- 
grangian and the generalized charge take the following forms: 

L{x) = 

Lo{x) - {x)[cos9{cosxkx + sinx^y) - r] sin 9 k z]^'^'^ (x), (24) 

= |/ (Px^'^'-^'^ {x)[cos 9k;, + rism9{cosxkx + sin xky)]^^^'^'^ (x) . 

GC - functions entered into expressions are consisted with the form f|T2|) . 
with an operator of C - conjugation being exchanged by GC - one and with 
having their own Pauli transformations law of the following form: 

^'GC^^-j _ gir?(cosxKH-sinxKa:)6'/2giKz75</3/2gi75x/2,|,GC^^^ _ (25) 

S'{x,0)S'{^)S{x)<l>''^{x). 

It is essentially to underline that with the use of GC - functions the values 
of ([Ml) expressions can be newly interpreted as vectors of the basic Pauli 
isospace constructed vectors related to x, y, z - axes. In this 

case, the expressions (12^ contain x ^^nd 9 angles only while the angle, 
after its having been introduced into the definition of the generalized GC - 
function, is not already explicitly included. 

The eigenfunctions of the fixed generalized lepton charge, being originated 
from (1191) as a result of the general Pauli transformation, take the following 
forms: 



[cos 9kz + 77 sin ^(cos xi^x + sin xi^y)]l5^q{x) = g$, 
^,ix) = 5'+(x,^)e--^(>^/2)$^,,^(x), {q = q,). 



X 



g)GC (^\ ^ fi>L(x)+vi^%'^ {x) 

^q=+iy-^) \'4,ji{x)+riiP<£C; (x) 



fe 



x/2 cos (e/2)V'i,L(a;)-?je-'x/2 sin ((?/2)^ofl(x)\ (26) 
x/2 cos (e/2)VDfl(x)+?je+ix/2 sin (e /2)i>DLix) J ' 

(f,Gc (^\ ^ (■'pLix)+vi^'i'^{x)\ ^ 



_e-ix/2 sin (0/2)V'g^(x)+»7e-'x/2 cos (0/2)i/'g^(x) 
e+ix/2 sin {e/2)i)g^{x)+Tie+^x/2 cos {6»/2)i/)g^{x) 



As it follows from these relations, the modified projection Majorana condi- 
tions typical of the inversion C-D - classes particles are fulfilled for separate 
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components of these eigenfunctions with the quantum numbers g = ±1: 

V-f (a;) = EpV-Splx) = g(tan(e/2))%^<^75^,(x). (27) 

A different situation arises in a process of generahzation of the Majorana 
representation fl20l) when the structure operator of the Lagrangian mass terms 
is chosen as basic. Then the general Lagrangian and the charge in terms of 
GC - functions take the forms: 



L{x) = Lo(a;) - (x)[cos6'k2 + ?7sin6'(cosx«i: + sinx/t?/)]^^/ (2^) 

fx) 



2 

= — I / (i^x^j^/^^fx) [cos 6'(cos x^^x + sinx^tj/) — V^^^^^^zjl^i^Afi-^j, 
^'aF i^) ~ e*^™**-^'^''~**'"^'^'"^'^/'^$'^'^(x) = 



^/2 V ipR{x)-e+^^ipL(x)+r}^1^ {x)-rie'-^tl}'f^^ {x) 

(28) 

The correspondent eigenfunctions of mass structure term operator have in 
general case the following form: 

[cos6'/«^ + r7sin6'(cosx/«x + sinx«;y)]$MK(a;) = i^^nFA^), 

(hGC ^ J_(-il}L{x)+e-'^^-il)R(x)+ri^f^ {x)+rie-'^-il)'l'^ {x)\ ^ 

^Mk=+1\-^) y/2\ iPR(x)-e+ix,p^(x)+r,i^<£'^ {x)-ve^x^'jl'=' (x) 7^^+^ 

/ e-«x/2 cos ie/2)(i,oLix)+i^DRix)) \ , . 

\e+ix/2r,sin{e/2){i,DL{x)+i>DR{x))J ' ['^^ ) 

^GC ( \ ^ J_fit'L{x)+e-^x^R{x)+,^i)'^^{x)+r)e-'X^GC(^^^^ 

^MK=-n-^J y/2\ ipR{x)-e+^x^L{x)+V^1'^{x)-ve'^i'R'^{x) ' 
/e-'x/2^sin {9/2){i,DL{x)-iJDR{x))^ 
{ e+«x/2 cos {e/2){^IJDR{x)-llJDL{x)) . 



In the case of $^^(x) expressions, the formulae meet projection conditions 
leading to the Majorana conditions given below. The latter are typical of the 
inversion A-B - classes particles and do not depend on the chiral angle: 

<L(a^) = /«^?(tan(r7| + |))«e^VK,L(a;), 
^nA^) = '^Vicot (r/f + l)re'^i:^,R{x), (30) 
Jx) = «:r/(tan (r/| + |))-Pe^<^V'K,p(x), p = ±1(L, R). 



Thus, the representations (l24l) and ( ]28l) are two possible general forms of 
description of the particles in the model under investigation. The choice 
of the basic operator of the representation flM|) or fl28l) forms is defined by 
the inversion class of the particles. For A-B - classes (physical) particles 
it is an operator that specifies the structure of the Lagrangian mass term. 
On the contrary for the C-D - classes (hypothetical ones) particles it is an 
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operator of the generalized lepton charge. It is easy to verify that the for- 
mer (described in its basic representation) can be presented as a product of 
the latter one (in its own representation) and the operator of chirality. The 
application of GC - functions in general flMl) and fl28l) forms lets to inter- 
pret these operators in terms of the Pauli isospace vectors constructed on 
the base of k^., Ky, connected with x, y, z - axes consequently. Pauli 
transformations are interpreted in the rotations depended on 6 and 

X angles. The former ones introduce Majorana terms into the Lagrangian 
and into the generalized charge (!22|) . while the latter, that incorporate x 
angle, describe the chiral transformations and introduce the violation of - 
parity. The correlation of the general form of Pauli Lagrangian with modern 
Majorana models [HI [T2], shows that it fits a special system including 
left - and right - handed particles of the same flavor with the complex Dirac 
mass {Md = M cosOe^^) and left and right Majorana masses. In Pauli model 
under investigation the latter ones are equal in magnitude but are of oppo- 
site signs {Mr = -Ml = MsmOe'^). The value = |Mi(fl)|2 + jM^ip is 
invariant of the group of general Pauli (chiral - Pauli) transformations. 

Thus, the use of Pauli transformations as a theoretical base for a descrip- 
tion of a neutral particle leads to a special Majorana model. In the frame 
of the model the general Majorana scheme is reduced to a special case that 
fits to one with an arbitrary Dirac mass and left and right Majorana masses 
being opposite in signs but equal in measure. Besides, in the frame of the 
model, in contrast with general Majorana phenomenological schemes, there 
is a possibility to generalize the concept of lepton charge and to link it with 
the form of the Lagrangian mass term. In this way the eigenfunctions of the 
generalized lepton charge operator and that of the mass structure term can 
be used for description of arbitrary Dirac and Majorana states of the Pauli 
model. In the case, the projection conditions for eigenfunctions of basic op- 
erators take the form of Majorana relations of general shape, determined by 
the inversion classes of investigated particles. The Dirac case is an exception 
from the general rule. In view of independence of its Lagrangian from the 
inversion classes of the particles there are two alternative representations of 
the solutions in the case. They are described by either eigenfunctions of the 
lepton charge operator or by those that define the structure of the Lagrangian 
mass term. This alternative meets well known "Dirac" or "Majorana" rep- 
resentations of the solutions. The model is described in the isospace of Pauli 
transformations so that the basic operators, determining the special repre- 
sentations, have properties of spatial vectors. 
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§3. Two-flavor Pauli model of Majorana neutrinos 

Let us use the results obtained for the construction of a model describing 
two neutrinos of different flavor. For deflniteness we shall assume that they 
are neutrino of electron (e) and muon (/x) flavors. Suppose that for the former 
case the left-handed state is stands for the particle {i^cl) and its right-handed 
state does for the antiparticle (z^^?)- For the latter case the opposite is true: 
the right-handed state is the particle (i'^r) and its left-handed state is the 
antiparticle (f^^). One can coordinate the model with the above developed 
scheme of §2 by using the substitutions: 



Note that such a model is similar to Zel'dovich - Konopinsky - Mahmoud 
scheme (ZKM - scheme) [HI [32], that was proposed by them previously for 
the description of charged e~ , n'^ leptons. Such schemes for neutrinos were 
described, for example in |lUj . 

In accordance with general results of Pauli [18| such a model for massless 
neutrinos is invariant under chiral - Pauli transformations: 



These transformations are canonical ones. In this instance they mix electron 
and muon neutrino states of particle and antiparticle types of general chirality 
with conserving commutation relations of the massless flelds. 

The move to the two-flavor scheme by using fl3T|) substitutions leads si- 
multaneously to the changes of the standard deflnitions of discrete C -, P -, 
T - transformations [22] to the following forms: 



{Tx = X, Tx4 = —X4). 

In the frame of these new deflnitions all results of above investigated model 
due to properties of inversion classes of the particles hold true in the two 
flavor neutrino scheme. 



(31) 



u'^^(x) = e'^/^e'^/^[cos {9/2)u^l{x) + sin (^/2)e-^<^i^5^(x)], 
u' Jx) = e-'^^^e''P/^[cos{e/2)Uf,R{x) - sin {6 /2)e-"^i^^R{x)], 
u£[x) = e-^^/2g-i<^/2[pQg (^/2)z/5j(x) + sin (^/2)e+*'^z/^R(a;)], 
u'^Kx) = e'^/^e-'^/^[cos (^/2)z/5^(x) - sin (^/2)e+^<^z/eL(x)]. 



(32) 




(33) 



15 



The most general Lagrangian of the two-flavor model for massive neu- 
trino, obtained from (12^ by (^11) substitutions, has the following form: 



L{x) = Lo{x) - f{cose{v^R{x)e+'^u,L{x)+ly^Li^)e-'^iy^^{x)+ 
VeLix)e-'^Uf,R{x) + T^Rix)e+'^u^L{x)) + 
sme{T7^R{x)e+'^^-'t''>uf^Lix) + I7^^(x)e-^(^-<^)i/^,?(x)- 
z7f^(x)e+^(>^+<^)z/eL(x) - 77,i(x)e-^(^+<^)z/f^(x))} 
= Lo{x) - f{cos9iu^Rix)e+'^UeL{x) + V^^^:{x)e+'^u^g{x)+ (34) 
VeL{x)e-'^v^R{x) +V^I^{x)e-'^v^^ [x)) + sin ^(17^^(0;) i^^f(x) + 

T^^E{x)P^,R{x)-V^^{x)UeL{x)-VeL{x)u^g{x))}, 
{^eL{x)r^' = ^?^'{X) = e-(>^+<^)z.f^(x), 

Mx)r^ = v^^[x) = e+^(x-0)^c (^). 

The peculiarity of the Pauli neutrino scheme is in existence of a conserved 
generalized lepton charge that is as follows for the Lagrangian 

QP = yd^x[cOSe{u+L{x)UeL{x) - Z^Jf + (x) Z/^f (x) + Z/+j(x) Z/^ij (x) - 

'^?R''{x)^eR{x)) + sine(z/+ (a:)e->^z/jf (x) + u^^+{x)e^'^u,L{x)- (35) 
z/+j(x)e+^>^z/Sf (x) - uf^'-{x)e-^^u,R{x))] 

Another important feature of the Pauli scheme is the invariance of the Lag- 
rangian (IMl) under transformation: 

l^edx) iT^eL{x)f^, l^^^ (x) Uedx) , 

i^M^) {I'M^))^'^^ ^^l{x) i^^.r{x), ^ ' 

that reverses the sign of the generalized lepton charge fl35l) . This trans- 
formation is equivalent to the operation of the generalized charge (GC - ) 
conjugation fl25]) of the previous model. It transforms the electron (left) and 
muon (right) neutrinos into their own antiparticles with taking into account 
that the phase factors ?7c of GC - operation can be different for electron and 
muon neutrino flavor. The latter assumption is considered by introduction 
of chiral X 7^ angle. As it was already underlined earlier in the context of 
introduction of GC - operation (see discussion after ( |23l) ) this difference is 
connected with CP - symmetry violation. 

The Lagrangian flMl) describes a particular case of a two-flavor Majorana 
neutrino system of ZKM - type, including a left-handed electron neutrino 
with Mi(z/e) Majorana mass and a right- handed muon neutrino with Mr{v^) 
Majorana mass. As a consequence of Pauli-like scheme they are linked by the 
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expression: Mr{v^) = — Mi(z/e) = Msin^. These neutrinos can be mixed 
in between to be described by the Lagrangian mass terms of " quasi-Dirac" 
type depended on Moiv^iVe) = Mcos6'e*^ parameter. The effective masses 
of the based electron and muon neutrino states, which arise in the process of 
diagonahzation of the Lagrangian (|34|) . are equal in magnitude and opposite 
in signs: 

M(z/i, U2) = t^\{Mr{u^) - Mi(z/,))2 + |M^(i/^z/,)|2 = ^M, (37) 

Thus, the length of the neutrino oscillation between the states is equal to 
infinity. The mixing angle Omix introduced in a standard way [H] - [12], [28] 
is given by the ratio of "quasi - Dirac" to Majorana masses: 

tan (2^_) = cot ^ = J^^p^X) = ^I^St " (^S) 
It is evident that among Lagrangians it is always possible to choose 
a basic one so that the others can be obtained by proper general Pauli (chiral 
and Pauli) transformations. In the model of one particle it was the Dirac 
Lagrangian, on whose basis the two main representations of eigenfunctions 
were introduced in §2. Those were the charge and Majorana (or mass) repre- 
sentations [151 [16]. Their basic operators were respectively the lepton charge 
operator and kz operator, describing the Lagrangian mass term. In 
two-flavor neutrino model these basic operators are connected with different 
Lagrangians. Actually, in the standard phenomenological schemes the repre- 
sentation with absence of mixture of basic Majorana neutrino fields is usually 
chosen as the basic one. In the neutrino model under investigation such a 
representation is built on the basic operator that is consistent with the 
choice of parameter 6 = rjTT /2 {6mix = 0) in ([MD- In this case the Lagrangian 
and the generalized lepton charge obtain the following forms: 

L{x) = Lo{x) + ^VQ{x)kzi'o{x) = Lo{x) + 

f^{l7oe(x)z/oe(x) - 1^0^. (a^) Z^O^ (^) } = Lo{x) + ^{T^OeLix)ug^{x) + 

= If d^xu^{x){cosxkx + smxky)'y5Uo{x) = 
f / d'x[ul^{x)e-^^ug^^{x) + ug'i^{x)e+^^uoeL{x)- 

Here the two - component basic neutrino function uqIx) is as follows: 

-o(-) = (::!?))' 

^oe{x) = z/oeL(x) + Woenix) = ^Oedx) + r]e-<^+'^^ ugji{x) , (40) 
uof,{x) = z/o^i?(x) + v^gi^Lix) = ^oM^) + ^e+*('^"'^Vg,i(x). 
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It is similarly to fll2p modified with a transition to the GC - conjugation 
operation, and includes a pair of basic Majorana solutions which are the 
electron uoeix) and muon z/o^(a;) neutrinos with no mixing. The solutions 
have the general charge parity r] = ±1 due to the GC - conjugation and 
differ from each other by the eigenvalues of kz operator. The latter is an 
operator of neutrino flavor which simultaneously defines the structure of the 
Lagrangian fl5I?l) mass term: 

^o+i(x) = (-f)), (/. = +!), ^o-i(a:) = (,JJ, {k = -1). ^^^^ 

The corresponding equations in two-component and conventional forms are 
as follows: 

If^d^^Mx) - MkzVo{x) = 0, 
lA^oeiix) - M7]ug%{x) = 0, j^d^uoM^) + M7]ug^^{x) = 0, (42) 
lA^oeui^) - Mr/z/oeL(x) = 0, 1 ^,^ ^pgl^^^x) + Mijuo^nix) = 0, 

It is necassary to underline that the lower pair of the equations is GC - 
conjugated to the previous one. Note that the equivalent equations which link 
the left - handed particle (electron neutrino) and right - handed antiparticle 
(electron antineutrino) components were obtained and investigated in x = 
= 0, T] = +1 limit by Case [SO]- In the case he considered the right - 
handed particle and left - handed antiparticle (muon) components ignored, so 
that he actually kept on investigating the k = +1 solution with additionally 
imposed conditions i^Ofini^) = ^oiFii^) = 0- 

For the description of the basic representation of the charge type with 
an operator of the lepton charge as basic one it is useful to conserve the 
Dirac form of the Lagrangian. It is due to full mixing of electron and muon 
neutrino components of the generalized wave function {6 = 0, 6mix = 7r/4 in 
(134|) ) and it leads to the following forms of Lagrangian and lepton charge: 

L{x) = Lo{x) - f-z7£,(x)(cosx/tx + sinx/ty)z^D(a;) = 
L,{x)- f (l7^,^(x)e+^>^z/z5eL(x) +I7gJJx)e+^'^z/gS?(x) + 

= i / d^XV^{x)kz-i^VD{x) = I / d^x{v^^^{x)vDeL{x)+ l^^) 
^D^.R{X)UD^.R{X) - Z/gJ'/(x)z/gJi(x) - T^%eR{x)u%'^eR{^)), 



18 



The special case x = is due to the real mass value and is similar to (ITS]) . 
One can construct it from the latter by using (IHT]) substitutions in a way 
that it could be called as the "quasi - Dirac" case. The eigenf unctions of the 
solutions with fixed lepton charge Qz = ±1 are as follows: 

Note that in accordance with ZKM - scheme the lepton charge of the left- 
handed electron and right-handed neutrinos is equal to +1 while that for the 
right-handed electron and left-handed muon antineutrinos is equal to -1. 

It is interesting to note that one can obtain an alternative description 
of quasi - Dirac case in flavor variables when using Pauli transformation to 
6' = —7i/2 angle of the wave functions and operators of fl5I?]) representation. 
The reason is connected with the conservation of the flavor operator as the 
basic one although it takes a new form —{cosxkx + sinxky) (see ( H3|) ) due to 
a nondiagonalized representation. The generalized function of quasi - Dirac 
representation Unix) takes the form: 

i/^(x) = e~*(™^'^'^!'~''™'^''"=)^'/^z/o(x) = e+*(™^''^'^!'~''™'^''"=)'^/^z/o(x) = 

The generalized flavor k = ±1 serves here as a quantum characteristic of the 
alternative representation. Its eigenfunctions can be obtained from (I40p by 
using the same transformation: 



-{cosx^x + sin xK-y)jyD,K{^) = i^i^d,k{x), 

^ (^D^L{x)+w'f,^li{x)\ ^ J_( uoeL{x)+-qug^j^{x) \ 

Wpfl(x)+^^g^^(x);^^ V2\-e^Hi^o.L{x)+nyg^^{x)))' (46) 



K = -\-\ 

U\ ^ (i'DeL{x)+r)u%^R(x)\ ^ J_/e-''^(^'OMfiW+^<'iW) 



The supplementary conditions of projection type, when choosing definite 
values of the generalized flavor can be presented in separate or combined 
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forms: 

^Di^L^x) = V^i'^^Dedx), = r]e'^^^D^.R{x) (k = -1), (47) 

l^Dti{,x) = -K,e'^UDe{x), {k = ±1). 

The latter expression means that the electron and muon Majorana compo- 
nents of the Dirac neutrino of ZKM - scheme in the states of fixed generalized 
flavor coincide in magnitude with accuracy to the phase. The solutions (jH]) 
and (H6l) are examples of an alternative description of the quasi - Dirac case 
in the two-flavor neutrino Pauli model in terms of either lepton charge of 
ZKM - type or generalized flavor. 

Let us now move to the general case of the two-flavor model. Starting 
from Lagrangian for the basic case of the flavor representation 9 = rjir /2 (139!) 
and using Pauli transformation one can construct the general expression of 
the two-component wave function: 

(cos{e'/2)voe{x)-sin{e'/2)e-^^uo^(x)\ (ff_^n_„/r.\ ^ ' 

\cos{e'/2)uo^{x)+s\n{e'/2)e+ixyo,{x))^ - 'F ^/^J- 

The 6' parameter of the Pauli transformation can be connected with the mix- 
ing angle introduced in a standard phenomenological description of two- flavor 
Majorana models (TU] - [12] • It sets a degree of deviation of the investigated 
Lagrangian from the basic one, in which electron and muon components of 
the generalized function are not mixed. In this case the Lagrangian and the 
conserved generalized charge have the following forms: 



L(x) = Lo(x) + ^u{x)[cos6'kz + sin6''(cosxfi;a; -|- sinx/t, 

= I / (^^a;z/"'"(x)[cos6''(cosx'tx + sinxky) — sin 6''k^]75Z/(x), 



The corresponding system of equations for the separated components is as 
follows: 



-fA'^eLix) -MsinO'e-'^iy^Rix) - Mt] cosO'iyf^ (x) = 0, 
l^^d^i^M^) - MsinO'e+'^UeLix) + Mr] cos 9' u^^\x) = 0, 
7^(9^z/Jf (x) - MsmO'e+'^tpf^ix) + Mr] cos 9' u^r{x) = 0, 
lA^eRi^) - Msin^'e-^'^z/Jf (x) - Mr] cos ffv^dx) = 0. 



(50) 



In the two-component form it is reduced to the equation: 

Ifid^u^x) — M sin 6''(cos xi^x + sin xky)i'{x) — M cos O'kzi'^x) = 0. (51) 
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It is useful to note that the conserved current J^{x) has the following general 
form in the case: 



J^i.^) = f z^(x)7^75[cos6''(cosx/ta; + smxky) - sin0'k^]u{x) 
f [cos^'(l7eL(x)7^i/^j^(x) + z7^i(x)7^i/eL(a;) - z7^i?(x)7^z/Sj(x 

T^eui^hf^^M^)) - Sm9'{UeL{x)'y^UeL{x) + V ^R{x)'-f ^r{x) 



(52) 



^ ^x)7^z/S,(x) -I7f^(x)7^z/Sj(x))]. 



It consists of two terms: the neutral current (proportional to sin^') that does 
not change flavor number, and the current which changes neutrino flavor 
from electron to muon type and vice versa (proportional to cos 6''). The 
latter includes —>■ z/g [An = +2) transitions as well as transitions of 
Ue (Ak = -2) type. 

By using expression fHHj) one can construct the general form of the eigen- 
functions with the generalized flavor operator describing the structure of the 
Lagrangian mass term as a basic one. The eigenfunctions with fixed quantum 
number k = ±1 take the form: 

[cos6''k2 + sin6''(cosx'«x + smxky)]i'K.{x) = ku^^x), 
V ^^{x\ = {"'"'^''A =( cos(e72)!^oeW \ ^ I 1 ^ , . 

iyn=+l[X) \sm{e'/2)e-x^oe{x)) ^^)^ (53) 

/^\-(Mx)] _ (-sin{9'/2)e-'Xuo^{x)\ ( 



Their chiral components satisfy the relations: 

u^^ix) = K7]{tRn{e'/2))^e''t'UeL{x), 
^eBi^) = f^vi^ot i9'/2)re^^u^Rix), {k = ±1), 



(54) 



with the following combined form: 

/^M,-(a;) = «^(tan {6'/2))^e'^UeA^), («: = ±1). (55) 

This relation generalizes expression (H7|) that was found above for the quasi 
- Dirac case. It follows that in states of fixed generalized flavor the con- 
tributions of Majorana electron and muon neutrino components are bound 
together. In the case of the basic Lagrangian fl39p the contribution of muon 
constituent in the state of generalized electron flavor (k = 1) is equal to zero. 
And in general case it is proportional to the tangent of half an angle 6' which 
is responsible for flavor mixing. The similar value estimates the contribution 
of Majorana electronic constituent in the neutrino state of the generalized 
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muon flavor (k = —1). In "quasi - Dirac" states these contributions coinside 
in magnitude. 

In the two-flavor ZKM - model investigated these relations are analogous 
to Majorana relations of projection types of §2 model. The analysis of their 
behavior under space inversion shows that in premise of universality of phases 
of space inversion transformations they are realized for particles of inversion 
A-B - classes only {rjp = —1). However if electron and muon neutrinos belong 
to different inversion classes it is allowed that electron neutrinos are referred 
to C - class (?7p(e) = +1) and muon neutrinos to D - class (?7p{^) = —1) or 
vice versa {r]p(e) = -1, r]PM = +!)• 

In the alternative description with generalized lepton charge being us- 
ed as a quantum characteristic its operator is chosen as basic. In this case 
the Lagrangian P3|) . in which Pauli rotation through angle 6' = — 7r/2 rel- 
atively to fl39|) has been already executed, becomes the basic one, so that 
for coordination with the previous case it is necessary to make an additional 
rotation through the angle rjO. Once the rotation is performed the following 
Lagrangian and the generalized lepton charge of type will arise: 

L{x) = Lq(x) — ^z/'(x)[cos6'(cosx'«x + sinx^y) — ri^vaQk^v' [x), 
Q-^ = |/(i'^xz/'+(x)[cos6'K2 + ?7sin6'(cosxfi;2: + sinx'ty)]75Z^'(^)- 

Note that expressions (H3|) and (!56l) are bound by Pauli transformation: 

V / -^V 7 \risin(9/2)e+'x cos{e /2) ) \ud^{x)) , , 

/cos(e/2)vDeL(x)-ns\n{e/2)e-'^UDM^)+ncos{e/2)v%^^{x)-sm(e/2)e-'^u%C^^{^^ ' ) 

Vcos {e/2)vDM^)+V sin {e /2)e+^^PDeL {x)+r) cos {e/2)!^g^^{a-)+sm (9 /2)e+iXuGC^{x))) ' 

The eigenfunctions of particles with fixed generalized lepton charge g = ±1 
are obtained from (jH]) by using the same transformations. They take the 
form: 

[cos6'k^ + ?7sin6l(cosxKx + sinxs)]75t'g(a;) = q^q{x), 



/cos(e/2)i/Dei(a;)-r;sin(e/2)e "-^vo^Rixfx _ il ^ 

V cos(9/2)z.o^fl(x)+r,sm(6l/2)e'Xi/o,i(a;) ; (58) 

(VCOsie/2)uGC^{xysm{e/2)e-^^uGC^{x)\ / ^ N („n ^ , ^ /0\ 
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Their components satisfy the following projection Majorana conditions sim- 
ilar to (1271): 



They connect electron neutrino components with charge - conjugated muon 
ones and muon neutrino components with charge - conjugated electron ones. 
It is evident that in the states of the fixed generalized lepton charge q and 
chirality, the contribution of the states with the opposite lepton charge for 
small angles 9 {9' ~ — 7i"/2) is small. However it grows proportionally to 
the tangent of half an angle 9 value with receding from quasi - Dirac case 
and reaches equality with basic contribution for 9 = r]7r/2, (9' = 0), when 
Majorana solutions of fixed flavor due to Lagrangian (139!) exist. In this case 
the angle 9 plays a role of a parameter, describing the mixture of particle 
and antiparticle states of quasi - Dirac types for solutions of fixed generalized 
lepton charge. 

From the analysis of behavior of expressions (l59l) under space reflection it 
follows that in the case of universality of phase factors rjp they are fulfilled for 
particles of the inversion C-D - classes {rjp = +1) only. However if neutrinos 
are of different inversion classes they can be satisfied also for particles of 
inversion A-B - classes in the following cases: ?7p(e) = i {A - class), ?7p(^) = 
—i (B - class) or ?7p(e) = —i {B - class), ?7p(/i) = +i {A - class). As a 
whole the expressions (l54l) and (159|) show that in the general case of the two- 
flavor model the severe proportion of contributions of electron and muon 
neutrino components exist in eigenfunctions of basic operators. They play 
here the same role as projection Majorana relations do in the above one- 
particle model. 

Thus we have demonstrated that in the frame of the Pauli concept it is 
possible to construct a two-flavor neutrino model, which incorporates two 
sorts of massive neutrinos of different flavor and has quantum characteris- 
tics of Zel'dovich - Konopinsky - Mahmoud type. The general Lagrangian 
of such a model includes the mass terms connected with Majorana masses 
of the neutrinos as well as the terms responsible for their mixing (quasi - 
Dirac ones). In this case Majorana masses of different neutrinos are equal 
in magnitude but differ in signs, so that the length of neutrino oscillation 
between them tends to infinity. Such Pauli model is a special case of general 
models of ZKM - type but has a set of important properties which are absent 




(59) 




g(tan(f))V^z/;^(a;) (g = ±1). 
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in the general schemes. The existence of special quantum numbers, univer- 
sally describing either Majorana or quasi - Dirac states of the model, is the 
main feature. In accordance with the choice of basic operators two following 
possible alternative representations can be realized. They are either flavor 
basic operator, which simultaneously defines the mass structure of the spe- 
cific Lagrangian, or the generalized lepton charge, describing all the states of 
the system by using these characteristics. With all this going on the choice 
of the basic operator is dependent on the inversion class of a particle under 
investigation. There is an exclusion from the general law which is the quasi 
- Dirac case, with the alternative use of both representations being possi- 
ble. The chiral - Pauli transformation, transfering the basic form of definite 
representation into the general one, includes the angle parameter, that sets 
the proper rotation in the isospace of Pauli transformations as well as degree 
of mixture of basic solutions of the basic form in a solution with the fixed 
quantum number of the generalized type. 

However, the application of this scheme to the analysis of the experimen- 
tal data on neutrino oscillation needs taking into proper account an inequality 
of Majorana electron and muon neutrino masses. Below we shall show that a 
necessary extension of the scheme presented can be given with conservation 
of the pecuharities of the Pauli scheme, provided that the proper general 
suppositions of the system neutrino Lagrangian are adopted. 
§4. Neutrino oscillations in tvi^o-flavor Pauli model 
Let us consider the most general Lagrangian of phenomenological Majo- 
rana models presented for example in [llj and set off the term of flMl) type, 
which can be described by the two-flavor Pauli scheme. Transforming it to 
notaions of the model by fl3Tl) substitutions we can get the model Lagrangian: 

Lmd{x) = Lq{x) - \{Vf,R{x)mDyeL{x) + 

+T^iiR{x){mi - im2)z/^i(x) + V^^L{^){m\ + im*2)v^R{x) 
+T^r{^){'i^i +im2)ueL{x) +VeLix){ml - im*2)u^ji{x))}. 

It depends on three phenomenological mass parameters mi, m2, ttld, which 
are arbitrary complex values usually connected with Majorana - mi, m2, 
and Dirac (quasi-Dirac) - m/) masses. As it was demonstrated above the 
Pauli scheme is a special case of a general Majorana one in which Majorana 
mass terms of L and R types are equal in value and of different signs. For 
comparision with Pauli ( IMl) form let us connect the mass parameters of 
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(IM?]) with ones of the two-flavor neutrino model of §3 by using the following 
relations: 

mi + im2 = ML(z/e)e*(^+'^) = M[(z/e)e+^'^, = M*^{u^Ve)e-'^, (61) 
ReMD^Uf^Ue) = Mcose, |(M^(z/;,) - Mi(z/e)) = Msin^, 

If in the further course one uses in these expressions the neutrino GC - 
functions (IMl) then the model Lagrangian (160|) can be rewritten in the form: 

Lmd{x) = Lq{x) - ^^[cos9{v^R{x)e'-^VeL{x) + 
sine(z7^fl(x)z/Jf (x) + z7jf (a;)i^^/j(a;) -I7ei(a;)z/fK^(x)- 

'^mL (a;)'^Mi?W + '^eL(x)z/fi^(x) +I7f^(x)z/eL(x)) + 

(^)e^^^fif (^) - V,L{x)e-^''^,n{x))}, 

The second term of the expression is in coincidence with the mass term of the 
Lagrangian (IMIl and two latter ones comprise the additive mass term which 
takes into account the inequality of Majorana masses of electron and muon 
neutrinos and possible complexity of the quasi - Dirac M£,{i>^i>e) parameter. 
Note, that the term, depending on half a sum of Majorana masses of the 
electron and muon neutrinos, is symmetric under operation of the general- 
ized charge GC - conjugation as the Pauli Lagrangian flM|) does. It allows 
in some way to simplify the form fl62|) by implying the similar symmetry 
condition to the whole Lagrangian of the model as a general requirement. 
For /mM^) (z/^z/g) = the Lagrangian does not incorporate the latter term 
but however it is in consistency with a rather general Majorana model for 
two-flavor neutrinos with unequal Majorana masses as before. Since GC - 
conjugation takes into account different phase factors rjc for neutrinos of dif- 
ferent flavors, the introduction of a similar general symmetry condition under 
that operation can be considered as natural and physically non contradictory 
for the general Majorana scheme. 

The two-flavor netrino oscillations have a finite oscillation length in the 
modified general model. Indeed, let us introduce a fmdix) neutrino func- 
tion that is an analogue of v{x) (jUj) in the Lagrangian of the model, and 
conduct a transformation, leading to reduction of the Pauli mass term of the 
Lagrangian to the form fl5^ . To realize it one has to transform the shortened 
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Lagrangian fl62p to its general form fl49p and then perform the correspondent 
Pauh transormation with using rotation inversed to 



Lmd{x) = Lo{x) - ^Vmd{x)Vmd{x) + md{x)Kymd{x 

Mq = ^^^('^'"^+^^('^'=^ 7^^ = COS O'kz + sin 6''(cos x^^x + sin ; 
It reduces the Lagrangian to the following diagonal form: 



(63) 



Ifjid^Umdoix) + Moz/^do(a;) - Mk^Vmdoix) = 0, 9' = t]9 - 7r/2. 



(64) 



In accordance with the standard procedure of Majorana phenomenology (see, 
e.g. [II1[I2]) physical neutrinos entered into I'mdix) are superpositions of the 
basic neutrino states of definite masses {i^mdo)e{fi){x). The latter ones obey 
equations flMl) and are described by the universal flavor number k of the 
two-flavor model of the previous section. In passing from Lagrangian fl63l) to 
the basic form the effective Majorana masses of electron and muon neutrino 
take the values: 

M(i/e) = Mo - M = 



M{v^) = Mo + M = ^ 

As a result, the known formulae arise for effective Majorana masses of neu- 
trino of two types, that define the length of their mutual oscillations through 
the difference of their squared masses: 

\M\v,)-M\v,)\=A\M,\M, 
Lose = AttE/\M\i^^) - M\i^,)\ = 7tE/\Mo\M. 

The new principal feature of the Pauli model, following from the structure of 
Lagrangian (1641) and mass formula (I65p . is a fact that the effective masses of 
free Majorana particles consist of two terms different in their nature. They 
have properties of Pauli isoscalar and Pauli isovector. The former is universal 
and depends on mass characteristics of neutrinos only, the latter is described 
by the flavor quantum number k, and depends on the mixing angle 6'. The 
universality of the former means that separate components of wave function 
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^md{x) can be determined by the same quantum numbers of flavor type as 
components of z/(x) function of Pauli model. Besides, such an interpreta- 
tion shows that in the modified two-flavor Pauli model the effective neutrino 
Majorana masses are formed with participation of not one but two different 
Higgs scalar fields, which also have properties of a scalar and a vector of the 
Pauli isospace. 

In parallel with the length of neutrino oscillations the other important 
experimental parameter of physical neutrino is the mixing angle. In phe- 
nomenological neutrino schemes it is included on the base of the connection 
between wave functions of physical left-handed neutrino states and eigen- 
functions of states z/2l(x) of fixed masses. It is described by the 

standard relations: 

UeLix) = Unix) COS + ^2l{x) sin 

J^/iLix) = 1^2l{x) cos Omix " J^lLix) siu Omix- 

In the two-flavor Pauli model they appear as a consequence of Pauli transfor- 
mations flM|) reducing Lagrangian flB51) to a diagonal form with eigenf unctions 
constructed of the wave functions of flxed masses and flavors (^'mdo)e(/^)p(a^), 
(p = L,R). The 6' angle that specifles these transitions, can be coordi- 
nated with the mixing angle 9mix deflned from (1671) and can be deduced 
from the neutrino oscillation experiments. It is obvious that the connections 
equivalent to (1B7|) are described in the model under investigation by using a 
transformation of Pauli type, inversed to flM|) . They are as follows: 

i^md{x) = e-'^''°'^^y'''^^''-^''/^u^do{x) = 

/cos {e'/2){u^aa)e(x)-sin {e' /2)e-i^{i^^ao)^.{x)\ 
\cos(9' /2)(urnM)t,(x)+sui(e' /2)e+^x{y^^^)^{x)) ■> 

{Vmd)eL{x) = COS (6'72) (z/mdo)eL (a^) - T] Sm {9' / 2){v^^q) f,L{x) , 

(^^^)Mi(^) = cos(^^72)(z/^g,)^ax) +r/sin(^V2)(z/„,o)eL(x), (68) 

{^md),iR{x) = COs{9'/2){Umdo)M^) + ^ slu (6172) (z/^g))^^ (x) , 
i^md)eR{x) = COS (e72)(l/^g,)eR(x) - 7] siu {9' / 2) {u,ndo) M^) , 

9' = ri9- 7c/2. 

(The phase factor e~'^'^ = rjc is included in the deflnition of charge GC- 
conjugation operation). The relations (l68l) are analogues of formulae (l67j) to 
present the eigenf unctions of the physical neutrino through the states of a 
flxed masses. The latter are basic flavor states of Pauli model and coincide 
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with (157|) under the following conditions: 

i'2l{x) = {i^mdo)f^L{x), taia{29mix) = r]cot9, (69) 
^Omi. = -e' = n/2 -r]9, r] = +1. 

The first ones describe transition from the standard scheme to Majorana 
one of Zel'dovich - Konopinsky - Mahmoud type, the second ones state the 
connection between the experimental mixing angle 6mix and the 6 angle of the 
Pauli scheme. The former sets the direction of the vector of the generalized 
lepton charge relatively to z - axis of the Pauli isospace for two neutrinos of 
different flavors. 

As an example of application of the model under investigation we propose 
a qualitative interpretation of the experimental neutrino oscillation results. 
The modern data on the mixing angles and the squared neutrino mass dif- 
ferences |33] are as follows: 

iOmix)l2 = (34 ± 2.3)°, {6mix)23 = (45 ± 8.2)°, {9mix)l3 < 13°, 

AMf^ = Ml - M| ~ 8 ■ 10-5 eF^, AMfg = M| - M| ~ 2.5 ■ 10"=^ eV^. 

(70) 

It is evident that as a consequence of the small mixing angle {OTnix)iz the 
physical neutrinos of electron and r types can be approximately described in 
the frame of two-component mixing. However the muon neutrino is a mixture 
of three components and can not be described by such a simple model. For 
Pauli parameters 9, which set Ve — and Vr — mixtures, one can extract 
the following experimental values by using fl69p : 

(^exp)l2 = (22 ± 4.6)°, (^^ex.p)23 = (0 ± 16)°. (71) 

These values show that r - neutrino is a " quasi-Dirac" mixture of Vri and 
i/^ij, which can be described as the state of lepton charge of ZKM -type with 
g = +1. In accordance with (!53|) the electron neutrino is described as a 
mixture of Majorana states Ve,K and z/^^^, specifing by the generalized flavor 
number k = +1. Using (135]) one can estimate that the fraction of the muon 
neutrino Majorana component is about half of the electron neutrino fraction 
value. The muon neutrino is a complex mixture of all three neutrino states 
and is not described in our scheme. The three-flavor neutrino Majorana 
model on the base of Pauli transformations will be presented by the author 
in a special separate article. 
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§5. Conclusion 

Thus, the two models for the description of Majorana properties of neu- 
tral free fermions have been constructed on the base of general Pauli (chiral - 
Pauli) transformations. The first one is a model for one particle with states of 
left and right chirality that developes the simplest initial scheme proposed by 
Majorana [T] (see also [SO])- It extends the latter to the case when the mass 
part of its Lagrangian includes the both Dirac and Majorana mass terms. 
The second one describes a system of neutral particles of two different fla- 
vors so that the particle state of the first one (conditionally called as electron 
neutrino) has the left chirality and that of the other (called as muon neu- 
trino) has the right chirality, i.e. it goes in consistence with the Zel'dovich - 
Konopinsky - Mahmoud scheme. The models under investigation are special 
cases of general Majorana schemes presented in literature. The latter one 
can be modified and used for description of the simplest, two flavor version 
of the neutrino oscillation in ZKM - scheme. 

As a consequence of connection with Pauli transformations these Pauli 
schemes posess the following peculiarities: 

1. These models describe a special class of Majorana Lagrangians of 
neutral particles connected by general Pauli (chiral - Pauli) transformations, 
that lets one to get an arbitarary Lagrangian by starting from the basic 
Lagrangian of definite representation of the model. The chiral - Pauli trans- 
formations consist of pure Pauli SU(2) - group and chiral group of U(l) - 
type. For massless particles the general Pauli symmetry is exact, however it 
is destroyed with introduction of mass terms in the Lagrangian. 

2. In coordination with general suggestions of the Standard model the 
mass terms of Pauli Lagrangians are interpreted as a result of the sponta- 
neous symmetry breakdown that pick out a special direction in the space 
of Pauli transformations with nonzero mean vacuum value of Higgs field. 
In assumption of universality of the breakdown mechanism the mass terms 
of different Pauli Lagrangians are connected with the same transformations 
as the correspondent specified directions outligned above. The hypothesis of 
universality is equivalent to the assumption that the Higgs field has the prop- 
erties of a vector in Pauli isospace. In this case the mean vacuum value set 
fixed its modulus and specifies the effective mass of basic particles, and the 
angle coordinates of the vector, defining the relative values of Dirac and Ma- 
jorana mass terms, are not changed with the spontaneous breakdown. The 
spontaneously broken symmetry due to chiral transformations is connected 
with the breakdown of CP - invariance. 
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The modified version of tlie two-flavor Pauli sdieme introduces an ad- 
ditional mass term of the Lagrangian with properties of isoscalar of Pauli 
space, so that quantum characteristics of the states due to isovector part are 
conserved in the modified scheme as well. The Higgs field of the modified 
model consists of two components related to Pauli isovector and isoscalar 
types of mass terms of the Lagrangian. 

3. The conception of the lepton charge of neutral particles is extended to 
the generalized lepton charge, that is coordinated with an arbitrary direction 
of the Pauli isospace. For an arbitrary Lagrangian the corresponding operator 
of the generalized lepton charge includes parameters of Pauli rotations. On 
the base of this operator the product of the generahzed lepton charge and 
chirality that can be used as an alternative basic operator for description of 
neutral particles is constructed. The quantum numbers of these operators 
allow to describe universally the states of Dirac (quasi-Dirac) as well as those 
of pure Majorana or mixed Dirac - Majorana types. The generalization of the 
lepton charge leads to a modification of the operation of charge conjugation. 
In the generalized charge GC - conjugation rjc phase factors for the left- 
handed and right-handed particles can be different; that is connected with a 
violation of CP-symmetry. 

4. The basic representations of the models are given by their Lagrangians 
and basic operators, the other representations are connected with them by 
Pauli transformations. In the first model it is Dirac Lagrangian with two 
basic representations: the charge ("Dirac") one, where the solutions are de- 
scribed by lepton charges, and the Majorana ("mass") one with two Majo- 
rana solutions of fixed mass which differ in signs of il}^{x) = ±.il}{x) condition. 
Their basic operators are correspondingly either the operator of the lepton 
charge or the operator of the structure of the Lagrangian mass term. The 
latter is connected with the product of lepton charge and chirality. In the 
basic "mass" ("flavor") representation of the second model the basic neutrino 
Majorana states of electron and muon flavors are not mixed so that the mean 
value of the lepton charge is equal to zero. The basic charge representation 
of the second model is analogous of "Dirac" one ("quasi - Dirac") of the first 
model. It has the basic states of fixed lepton charge of ZKM - type, which 
are the mixture of electron and muon neutrino Majorana components with 
their contributions being coincident in values. 

5. The interpretation of Pauh models depends on the inversion classes 
of particles under investigation, which are defined by the phase factors of 
the space inversion operation. They are r]p — ±i for particles of inversion 
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A and B - classes and rjp — ±1 for inversion C and D - classes respectively. 
In modern models it is supposed that neutrinos as well as the other physical 
particles belong to A-B - inversion classes; however in Majorana neutrino 
schemes this hypothesis should be controlled experimentally. In Pauli models 
the form of Majorana conditions is connected with the inversion classes of 
particles. For example, %l)'^{x) — -^ip^x) condition is realized for inversion 
A-B - classes only and its analogue for C-D - classes is il)'-'{x) = ±75?/' (x) 
condition. In general case the form of Majorana conditions is generalized but 
defined as above by inversion classes of particles under investigation. This 
rigid connection between the form of Majorana conditions and inversion class 
of particles can be destroyed if one lets the phase factors 77P be not universal, 
so that different physical neutrino states could belong to different inversion 
classes. 

6. The choice of the basic operator, its eigenfunctions and projection con- 
ditions of fixed eigenvalue is connected with the inversion class of particles 
under consideration. In general case there are two alternative representa- 
tions for wave functions of the states: the mass (flavor) representation with 
basic operator of the structure of Lagrangian mass term (generalized flavor) 
and the charge representation, when the operator of the generalized lepton 
charge is basic. These operators do not commutate and are complementary. 
For universal definition of the phases of space inversion operation, the first 
representation is realized for particles of inversion A-B - classes and the sec- 
ond one is realized for particles of inversion C-D - classes. If Lagrangian 
is not sensitive to the inversion classes of particles, as for example in Dirac 
("quasi - Dirac") case, the alternative description is possible in every repre- 
sentation. The projection conditions for eigenfunctions take either form of 
Majorana conditions (first model) or the form of connection between elec- 
tron and muon neutrino components of particle and antiparticle type (second 
model). For particles of inversion A-B - classes their forms generalize the 
known Majorana conditions but for C-D - classes those include, in addition, 
the 75 operator. 

7. The basic operator of the basic representation is a vector. It is coordi- 
nated with z - axis of the Pauli isospace and its eigenvalues are coordinated 
with projections of the vector to the axis. For arbitrary directions the basic 
operators are coordinated with vectors of the correspondent directions. For 
the representations using the operator of the generalized lepton charge, the 
basic case corresponds to Dirac (quasi - Dirac) description on the ground of 
independent particle and antiparticle states and correlates with z - axis. The 
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general Pauli Lagrangian is characterized by 9 angle between the vector of 
the generalized Icpton charge and z - axis of the Pauli isospacc. The interme- 
diate cases are connected with the Dirac - Majorana mixture defined by the 
angle, and the Majorana case corresponds to 6' = ?77r/2, when particle and 
antiparticle contributions in eigenfunctions of the generalized lepton charge 
are equal. For the representations using operator of the generalized flavor 
("mass") type, the mixture of Majorana states of different flavor is absent 
in the basic representaion. The intermediate cases are connected with in- 
corporation of the mixture given by 9' angle. For pure Dirac (quasi - Dirac) 
case 9' — — 7r/2, that corresponds to maximal mixing of basic flavor ("mass") 
states. In neutrino oscillation experiments the mixing angle is usually mea- 
sured starting from the pure Majorana case and it characterizes the extend 
of mixture of basic, flavor Majorana states in the state of physical neutrino. 

8. The mass part of Majorana Lagrangians contains terms of two types: 
those that specify Majorana masses of the particles (Mmi, Mm2) and those 
that specify their mixture (M12) . The latter are interpreted in terms of mix- 
ture of Majorana particles and associated with Dirac (quasi - Dirac) terms of 
the model. The Pauli models are specifled by the fact that Majorana mass 
terms of the described particles (they are left and right ones - in the flrst 
model or electron and muon neutrinos - in the second one respectively) are 
equal in magnitude and opposite in signs {Mmi — —Mmi)- In the conven- 
tional method of diagonalization of Lagrangians with transition to Majorana 
representation the former ones are set to the terms which depend on effec- 
tive masses of particles (Mi, M2). The latter ones tend to zero so that the 
states of fixed effective masses are not mixed. In Pauli case the application 
of diagonalization method is realized by chiral - Pauli transformations and 
leads to the following effective masses of the particles: 

Mi,2 = ±^1\Mmi - Mm2\^ + |Mi2|2, Mmi + Mm2 = 0, (72) 

In this case the lengths of oscillations between electron and muon neutrino 
states of the second model occur to tend to infinity: 

Lose = 47r£; / 1 Mf - M|| = 00 . (73) 

In the modified neutrino Pauli scheme the additional universal term is in- 
cluded into the Lagrangian of the system, so that the effective masses of 
neutrinos differ in measure and the length of their mutual oscillations be- 
comes finite: 

Mi,2 = Mo±^|Mm2P + |Mi2|2, Losc^ttE/Mo^/ImZ^^+Jm^. (74) 
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In this case the oscillation parameter AM^ depends on mass characteristics 
of the Pauli model only, which are invariants of isovector and isoscalar terms 
of Pauli Lagrangian and do not depend on the mixing angle. 

The investigation of the models arises the following important general 
question: "Do Majorana particles of inversion C-D - classes exist in the 
nature?" The similar particles should have nonstandard properties under 
an operation of the space inversion and special Majorana conditions which 
include additional 75 operator, different from the standard ones in existing 
Majorana schemes. 

Acknowledgments 

The author is very grateful to E.P.Velikhov for his continued interest and 
support, as well as to S.M.Bilenky, B.V.Danilin, G.V.Domogatsky, D.I.Kaza- 
kov, Yu.V.Linde, V.A.Rubakov, S.V.Semenov and V.V.Khruschev for useful 
discussions. The work is supported by Grant N 26 on fundamental researches 
of RRC "Kurchatov Institute" of 2006 - 2007 years. 

References 



[1] 

[2] 

[3] 

[4] 

[5] 

[6] 
[7] 



E. Majorana, Nuovo Cim. 14 (1937) 171. 

SuperKamiokande CoUab., Y. Fukuda et al., Phys.Rev.Lett. 81 (1998) 
1562; 

SNO Collab., Q.R. Ahmad et al., Phys.Rev.Lett. 89 (2002) 011301; 
SNO Collab., S.N. Ahmed et al, Phys.Rev.Lett. 92 (2004) 181301; 



KamLand Collab., K. Eguchi et al., |hep-ex/02 12021 [ Phys.Rev.Lett. 90 
(2003) 021802-1; 

B.. Pontecorvo, ZhETF 33 (1957) 549, (Sov.Phys. JETP 6 (1957) 429); 
B.M. Pontecorvo, ZhETF 34 (1958) 247; (Sov.Phys.JETP 7 (1958) 172); 

Z. Maki, M. Nakagawa, S. Sakata, Prog.Theor.Phys. 28 (1962) 870; 

B.. Pontecorvo, ZhETF 53 (1967) 1717; (Sov.Phys.JETP 26 (1967) 
984); V. Gribov, B. Pontecorvo, Phys.Lett. B28 (1969) 493. 



[8] S. Eliezer, D.A. Ross, Phys.Rev. DIO (1974) 3088; 

S.M. Bilenky, B. Pontecorvo, Phys.Lett. B61 (1976) 248; 



33 



[9] S.M. Bilcnky, B. Pontccorvo, Lett.Nuovo.Cim. 17 (1973) 569; 
H. Fritzsh, P. Menkovsky, Phys.Lett. B62 (1976) 72; 

[10] S.. Bilenky, B. Pontecorvo, Phys.Rep. 41 (1978) 225; 
S.. Bilenky, Preprint JINR 2-83-441, (1983) Dubna. 

[11] F.F. Boehm and P. Vogel, Physics of Massive Neutrinos, 

(Cambridge University Press. New York, 1987; Mir, Moscow, 1990). 

[12] E.D. Commins and F.H. Bucksbaum, Weak Interactions of Leptons and 
Quarks, (Cambridge University Press, Cambridge, 1983;. Energoatomiz- 
dat, Moscow, 1987). 

[13] M.G. Shchepkin, Usp.Fiz.Nauk 143(1984) 513, (Sov.Phys.Usp. 27 
(1984) 555). 

[14] Yu.V. Gaponov, Preprint No. lAE - 6307/1, RRC "Kurchatov Insti- 
tute", Moscow, (2004). 

[15] Yu.V. Gaponov, Dokl. Akad. Nauk 399, 334 (2004) (Dokl. Phys. 49, 
(2004) 638). 

[16] Yu.V. Gaponov, Yad. Fiz. 69, (2006) 683, (Phys.Atom.Nucl. 69, (2006) 
658), Preprint JINR P-2005-137, Dubna (2005). 

[17] Yu.V. Gaponov, Dokl. Akad. Nauk 410, (2006) 612, (Dokl. Phys. 51 
(2006) 534). 

[18] W. Pauli, Nuovo Cim. VI (1957) 204. 

[19] W. Pursey, Nuovo Cim. 6 (1957) 266. 

[20] CP. Enz, Nuovo Cim. 6 (1957) 250. 

[21] K. Nishijima, Fundamental Particles, (Benjamin, New York, 1964; Mir, 
Moscow, 1965). 

[22] A.I. Akhiezer, V.B. Berestestskii, Quantum Electrodinamics, 
(Nauka, Moscow, 1969; Wiley, New York, 1965). 

[23] W. Pauli in Niels Bohr and the Development of Physics, Ed. by W.Pauli 
(Pergamon, London, 1955; Inostrannaya Literatura, Moscow, 1958) 
p.46. 



34 



[24] P. Mathews, Quantum Theory of Elementary Particle Interactions, 
(Inostrannaya Literatura, Moscow, 1959) p. 73. 



[25 
[26 
[27 
[28 
[29 
[30 
[31 
[32 
[33 



G. Racah, Nuovo Cim. 14 (1937) 322. 

C.N. Yang, J. Tiomno, Phys.Rev. 79 (1950) 495. 

G.F. Zharkov, ZhETF 20 (1950) 492. 

E.Kh. Akhmedov, Preprint FISIST/l-2000/CFIF, hep-ph/0001264] 

S.P. Rosen, Phys.Lett. 48 (1982) 842. 

K.M. Case, Phys.Rev. 107 (1957) 307. 

Ya.B.Zel'dovich, Dokl. Akad. Nauk USSR, 86 (1952) 505. 

E.J. Konopinsky, M. Mahmoud, Phys.Rev. 92 (1953) 1045. 

S. Eidelman et al., Phys. Lett. B502 (2004) 13-1. 



35 



